The study on the external morphology of the non-native black bullhead (Ameiurus melas) was carried out on a population from Slovakia, based on triple regression and geometrical analysis. The breakpoints distribution in distance-based morphometric characters indicated that black bullhead reached its definitive phenotype early in ontogeny. Ontogenetic changes in external morphology occurred continuously throughout the whole size-range of the sample examined, and inter-individual morphological variation was very low. Such uniformity may reflect the possible founder effect and/or little phenotypic plasticity of this non-native population.
Introduction
The black bullhead Ameiurus melas (Rafinesque, 1820) is one of the non-native freshwater fish species introduced in Europe from North America. Over one century it has spread into many countries and still continues to establish viable populations in new areas [1] . The black bullhead shows various traits characteristic for successful invaders (tolerance to water pollution and low oxygen amount, aggressive behavior, omnivory, parental care, prolonged reproductive period). Based on its high flexibility in its life-history traits [1] [2] [3] [4] , one may assume that the black bullhead has a great potential to spread into new environments. However, little is known on the external morphology of this species. Environmental conditions are usually responsible for the morphological variability of organisms, including fishes and this is likely to be one of the attributes of successful invasive species, as they can effectively adapt their body shape according to new habitats occupied [5] [6] [7] . Thus, the aim of this paper is to provide the first detailed examination of the species´ external morphology, including its evaluation within an ontogenetic context. An underlaying objective of this study is to contribute to the assessment of phenotypic plasticity and/or overall morphological variability of the black bullhead, especially in its invasive populations.
Experimental Procedures
Specimens of black bullhead (n=231; 111 juveniles, 54 females, 66 males) were collected in monthly intervals from March to August 2007 from an oxbow of the River Váh (47°48´30´´ N, 18°07´30´´ E; river km 2.1-4.1) in Komárno (Slovakia) using fishing rods and kiddles. The population examined appeared in the River Váh oxbow just 2-3 years before the sampling was done. To comply with the rules for ethical treatment of animals, all specimens were killed with an overdose of 2-phenoxyethanol, followed by immediate fixation in 4% formaldehyde.
Photographs of all 231 specimens were taken using a Nikon D200 digital camera (Nikon Corporation, Tokyo, Japan). Subsequently, 32 mensural characters ( Figure 1, Table 1 ), including standard length (SL) and total length (TL), were measured using Impor 2.31E software (Kvant s.r.o., Bratislava, Slovakia). To examine the patterns of relative growth, values from 30 mensural characters were plotted against SL [8] and expressed in %SL to allow future interpopulation comparisons [9; Table 1 ]. In triple-regression analysis (TRA), the null hypothesis was tested, stating that development of body proportions is isometric (linear regression) and not gradually allometric (quadratic regression; first alternative hypothesis) or isometric with abrupt change (split-linear regression; broken stick regression, piecewise linear regression; second alternative hypothesis) [8] . Using an F-test [10] , the model that provided the best fit was assessed. In the case of isometric development with abrupt change, breakpoints (or inflection points) were used to identify the saltatory pattern during ontogeny.
To complement the TRA, geometrical shape analysis [analysis of landmarks, coordinates-based measurements in a 2-dimensional space [11] was used. A total of 18 landmarks ( Figure 1 ) in 224 specimens (7 specimens contained outlying landmarks) were considered using the ImporPro 3.2 software (Kvant s.r.o., Bratislava, Slovakia) and evaluated in R software [12] with programme routines by Katina [13] . Three size intervals were assessed according to breakpoints identified by TRA (Figure 2) . Subsequently, the landmarkpoint coordinates were transformed to Procrustes shape coordinates using generalized Procrustes analysis [14] . First, the centroid of each form was found, as well as its root mean square distance to the landmarks (i.e. centroid size, CS). Second, the forms were rescaled to CS=1 with the centroids superimposed and the forms rotated around one another about the common centroid until the sum of squared distances between corresponding landmarks is a minimum over all such rotations. This resulted in Procrustes shape coordinates, which were then averaged across the pooled sample. These shape coordinates were augmented by log CS, in order to render the form space (i.e. size-and-shape space). A permutation two-sample Goodall F-test (number of permutations 999) was used to test for differences in Procrustes mean shapes between the three intervals (i.e. 1 vs. 2, 1 vs. 3 and 2 vs. 3), expressed in P-values.
To assess the shape changes based on the size changes, a multivariate multiple linear regression model (MMLRM) of shape (Procrustes shape coordinates) on size (CS) was used [15] . In the form-space Principal Component Analysis (PCA, relative warps analysis, RWA) on the approximate tangent coordinates (centred Procrustes shape coordinates) and log CS, variability was decomposed into orthogonal components of size-and-shape variation, which were examined. Interpretation of the principal components (PCs) followed Mitteroecker et al. [16] and Katina [13] , where the effects of each PC can be visualized (i.e. backprojected into the configuration space). Usually, the PC1 reflects changes in external morphology associated with growth changes (the allometry). In all three size intervals, the correlation of PC1 scores and log CS (calculated by Pearson product moment correlation coefficient) was higher than 0.999. This indicates that PC1 shape changes were equivalent to those modelled by MMLRM. Finally, the MMLRM of log CS on shape variables (Procrustes coordinates) were used and the significance was Bonferroni corrected.
In the laboratory, sex was determined by dissecting adult specimens. To assess sex dimorphism in black bullhead, a permutation Goodall F-test for shape (number of permutations = 999) and a permutation chi-square test for size (number of permutations = 999) were used.
Results and Discussion
The SL of black bullheads ranged from 17.6 to 184.9 mm (juveniles 17.6-101.8 mm, females 101.7-184.9 mm, males 97.9-165.6 mm), while the range of TL was 20.8-219.7 mm ( Table 1) . No significant difference was found either in shape (P-value = 0.169) or size (P-value = 0.200) of females and males, and thus no sexual dimorphism was observed. The breakpoints distribution, with the first breakpoint found as late as at 71.4 mm SL, indicates that black bullhead reaches its definitive phenotype at a relatively small size, i.e. early in ontogeny. It was also found that the developmental changes in external shape increased with the size of fishes -no significant variation between small specimens (juveniles) was detected. The same pattern was observed in pumpkinseed Lepomis gibbosus [5, 6] . Such a relatively late occurence of breakpoints, together with their relatively even distribution up to an SL of 159.9 mm (Figure 2 , Table 2 ), suggests that the Figure 2 . Estimates of the breakpoints and their standard errors for the mensural characters demonstrating significant abrupt changes in slope when plotted against SL (according to Kováč et al., 1999, [8] ). Three intervals can be distinguished. The numbering of the characters corresponds to their order in Table 1 (96.69% of variability) and PC2 (1.57% of variability) scores, juvenile-to-adult growth from left to right; (c) TPS grid from mean-to-adult shape in PC1. The difference between panels a and c represents the body shape changes during ontogeny (allometry). The low remaining non-allometric variability (3.31%) indicates that the population examined is morphologically almost uniform.
The ten mensural characters were best explained by linear regression, indicating isometric development. Seven characters showed allometric development (quadratic regression) and 13 mensural characters developed isometrically up to a certain SL (breakpoint), where they shifted to allometric development for a short time (defined by the standard error of breakpoints) and then continued to develop isometrically (splitlinear regression; Table 2 ). Three size intervals during the course of ontogeny were assigned according to breakpoints distribution over SL (Figure 2) . The first interval included only juvenile specimens up to 71.4 mm SL (n=38) and did not contain any breakpoint.The second interval included specimens with the size range of 71.4-112.8 mm SL (n=89) and 6 breakpoints, while the third interval included specimens ≥114.7 mm SL (n=104) and 7 breakpoints (Figure 2) .
The geometrical analysis indicated that in all three intervals the affine growth changes (i.e. changes expressed as horizontal or vertical stretching in overall body shape; PC1) predominated. In the first interval, PC1 represented 88.4%, in the second interval 90.1% and in the third interval 81.9%. Total growth changes (allometry) during ontogeny represented as much as 96.69% (Figure 3 ) of overall variability, whereas the non-allometric inter-individual variability was very small (3.31%). Main morphological changes during ontogeny occurred in the head area (head length increased, eye diminished and moved anteriorly). Apart from that, the predorsal distance increased and the dorsal fin length, as well as the dorsal fin-adiposa distance, decreased while the abdomen area grew larger. The differences between Procrustes mean shapes of the three intervals were not identical. The P-values between the intervals 1-2, 1-3, and 2-3 were 0.001, 0.002 and 0.004, respectively (α=0.05). Table 2 . Linear (L), quadratic (Q) and split linear (S) regression statistics for morphometric characters in the black bullhead from the River Váh oxbow, Slovakia. Abbreviations in morphometric characters as in Table 1. external shape of black bullhead does not indicate any ontogenetic thresholds.
In conclusion, ontogenetic changes in external the morphology of black bullheads were found to occur continuously, and the Slovak population studied appeared to show little morphological variation. Such uniformity may reflect a possible founder effect and/or little phenotypic plasticity of this nonnative population. Inasmuch, to assess the overall morphological variability of invasive black bullhead, further populations from various environments should be analysed. 
